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Introduction
The discovery of adult neurogenesis in mammals (Altman, 1963; Altman & Das, 1965) was initially largely ignored. Thirty years later, it was somehow rediscovered after more detailed characterization of the neurogenic sites in rodents (Lois & Alvarez-Buylla, 1994; Doetsch, 2003) , the isolation of neural stem cells (Reynolds & Weiss, 1992; Gage, 2000) , and the demonstration that something similar can be found in humans (Eriksson et al., 1998; Sanai et al., 2004; Curtis et al., 2007) . During the last two decades, this intriguingly persisting process in the mammalian brain was intensely investigated, and several review articles progressively made the point on its extension, features and significance (Emsley et al., 2005; Sohur et al., 2006; Gould, 2007; Migaud et al., 2010; Curtis et al., 2011) . In parallel with phylogenetic analyses directed at comparing mammals and other animal groups, differences in adult neurogenesis have been emerging even among mammals in recent years. There are several reasons for further analysis of adult mammalian neurogenesis in a comparative perspective. First of all, most studies on this topic have been carried out on rodents for many years, a fact that has led many investigators to identify rats and mice as universal models for mammals. To support this idea, the animal species on which the study was carried out are not reported in the manuscript title, and they are often just generically referred to as mammals (e.g. Zhao et al., 2003; Dayer et al., 2005; Pierce & Xu, 2010) . Nevertheless, we know that brain anatomy and physiology substantially differ in rodents and other mammals (van Dongen, 1998) . More detailed exploration of adult mammalian neurogenesis has started, revealing some remarkable differences ⁄ variations (Luzzati et al., 2006; Amrein et al., 2007; Ponti et al., 2008) , which involve closely related orders (e.g. rodents and lagomorphs; Luzzati et al., 2006; Ponti et al., 2008) , species (e.g. rat and mouse; Magavi et al., 2000; Gould et al., 2001; Dayer et al., 2005; Peretto et al., 2005; Snyder et al., 2010) and even different strains (Kempermann et al., 2006; Schauwecker, 2006; Alahmed & Herbert, 2008; Johnson et al., 2010; Clark et al., 2011; Epp et al., 2011) . In addition to the anatomy, the adaptation to ecological pressures also remarkably vary in different mammals, making it one of the most satisfactory functional explanations for adult neurogenesis in the entire phylogenetic tree (article by Barker et al., 2011) . On the whole, variations in adult neurogenesis among mammals can be linked to multiple, genetically determined variables spanning from the different brain anatomy ⁄ developmental history to the age of puberty ⁄ lifespan. Yet, this range of possibilities can be increased by nongenetic variables, such as experience-dependent cues (Johnson et al., 2010; Barker et al., 2011) . Since the first demonstration of adult neurogenesis in rodents, we have learnt that two brain regions referred to as adult neurogenic sites are primarily involved -the forebrain subventricular zone (SVZ; Lois & Alvarez-Buylla, 1994 ) and the dentate gyrus of the hippocampus (subgranular zone, SGZ; Kempermann et al., 2004) , both related to olfactory ⁄ learning ⁄ memory processes (Kempermann et al., 2004; Lledo et al., 2006) . Apart from an intriguing deviation described in bats (Amrein et al., 2007) , neurogenesis in SVZ and SGZ is substantially present in all vertebrates and mammals studied so far (Lindsey & Tropepe, 2006) . In addition to neurogenic sites, several new areas have been reported to harbour different types of neurogenic ⁄ gliogenic processes in other CNS regions (reviewed in Sohur et al., 2006; Gould, 2007; Migaud et al., 2010) . This suggests that structural plasticity involving a de novo cell genesis in the mature mammalian brain could be more widespread than previously thought. In parallel with a new regionalization in rodents (i.e. existence ⁄ absence; Zhao et al., 2003; Dayer et al., 2005; Kokoeva et al., 2005) , recent reports have also revealed remarkable differences in non-rodent mammals (Luzzati et al., 2006; Ponti et al., 2008) , thus adding new elements of heterogeneity that hamper the achievement of a common, 'transversal' view of adult mammalian neurogenesis. Such heterogeneity is not just restricted to the anatomical location of adult neurogenic processes, but also involves other factors, for instance, neurogenesis can even be extended postnatally for different periods. Consequently, late developmental, postnatal, juvenile and persistent (life-long) neurogenesis should be examined one at a time. In addition, adult neurogenesis can occur with different rates and intensities at different brain sites of the same animal species and in the same brain region in diverse mammals. Finally, increasingly numerous reports show that the genesis of new neurons ⁄ glial cells can be induced in normally non-neurogenic regions as a consequence of altered homeostasis (Pierce & Xu, 2010) and diverse neuropathological states (Arvidsson et al., 2002; Nakatomi et al., 2002; Ohira et al., 2010) . These results introduce a further variable, linked to spontaneous vs. experimentally induced and lesion-induced neurogenesis. On the whole, it appears that different 'types' of neurogenic processes may occur in the adult mammalian CNS, depending on several aspects, including different animal species, age and physiological ⁄ pathological states. In the past, some discrepancies among different studies were ascribed to methodological aspects, at times engendering ruthless debates on the existence or absence of neurogenesis at certain locations, based on the reliability of cell proliferation detection in situ (e.g. in the cerebral cortex - Gould et al., 1999; Kornack & Rakic, 2001) . Nevertheless, this is not the only limit to assessing the occurrence of adult neurogenesis. There are other misconceptions depending on the meaning generally attributed to this word. In fact, even after having unequivocally confirmed the occurrence of cell proliferation within a CNS region, this is not sufficient to affirm that a neurogenic process is taking place, as this process should consist of a series of subsequent steps ultimately producing new neurons that play a role within a specific neural function (Kempermann et al., 2004; Zhao et al., 2006) . Thus, we will focus on the assumption that not all neurogenic events can be considered at the same level, taking into account that 'true' adult neurogenesis theoretically extends from the stem ⁄ progenitor cell division to the integration of newly generated neurons into functional circuitries. In this review article we highlight that neurogenic processes occurring in the SVZ and SGZ neurogenic sites are more complete and quite constant throughout the species, whereas those described in the parenchyma appear more heterogeneous, possibly reflecting an intrinsic, somehow quiescent, neurogenic potential. Besides some interpretations easily affirming that many regions of the CNS are neurogenic, we consider the global picture in mammals still far from clear, in most cases needing further investigation, while in others simply a deeper comparative discussion. Hence, we try to classify postnatal ⁄ adult neurogenic events in mammals starting from a comparative perspective and taking into account the several variables involved, with particular reference to the final outcome of each process in diverse parenchymal regions. In doing so, we also propose a revision ⁄ updating of the relevant terminology in order to couple distinct processes with specific terms.
will only focus on species-specific differences. In the SVZ ⁄ olfactory bulb neurogenic system, the main variabilities concern the organization of the SVZ neurogenic niche (Smart et al., 2002; Sanai et al., 2004; Peretto et al., 2005; Ponti et al., 2006a; Quinones-Hinojosa et al., 2006; Sawamoto et al., 2011) , with particular reference to its astrocytic pattern and neuroblast migratory cell behaviour (Fig. 1) . In rodents, the SVZ is characterized by a dense network of astrocytes forming the so-called glial tubes, which enwrap the chains of migrating neuroblasts engaging in the rostral migratory stream (RMS; Jankovski & Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997) . The density and spatial organization of the SVZ astrocytes vary highly among mammals, forming a thick system of channels in rodents (Jankovski & Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997 ) and a looser, incomplete network in other species (Fig. 1) . Even among rodents, rats have thicker and more complete glial tubes than mice (Peretto et al., 1997 (Peretto et al., , 2005 ). An astrocytic meshwork, although not so dense as in rodents, is present in rabbits, associated with very large chains of neuroblasts (Luzzati et al., 2003; Ponti et al., 2006a) . The SVZ glial network is far looser in bovines, primates and humans, where it appears reduced to an incomplete 'ribbon' separated from the ependyma by a 'hypocellular gap' (Rodriguez-Perez et al., 2003; Sanai et al., 2004; Quinones-Hinojosa et al., 2006; Gil-Perotin et al., 2009; Sawamoto et al., 2011) . Such variability suggests that SVZ astrocytes do not have a primary role as a physical barrier between neuroblasts and mature brain tissue. Instead, they could have an indirect role in cell migration by producing factors; for instance, in mouse RMS a guidance role is attributed to molecular [tenascin C, Ephrins, Slits, brain-derived neurotrophic factor (BDNF), etc.] rather than cellular cues (Conover et al., 2000; Nguyen-BaCharvet et al., 2004; Peretto et al., 2005; Chiaramello et al., 2007) . Besides the possible role of SVZ astrocytes as an anatomical feature of the neurogenic site, they also act as neural stem cells in the form of a radial gliaderived subpopulation hidden among the astrocytic network. Hence, the different cellular organization of glial tubes ⁄ meshwork ⁄ ribbon observed in different mammals might affect their activity in sustaining neurogenesis. In mice, one possibility is that the active stem cells are those astrocytes that maintain direct contact with the lateral ventricle through a cilium protruding between ependymal cells (Mirzadeh et al., 2008) . The occurrence of such contact has also been documented in other mammals (Ponti et al., 2006a; Danilov et al., 2009; Sawamoto et al., 2011) . On the whole, it appears clear that in large-sized brains both astrocytic density and neuroblast assembly in chains are far reduced (Fig. 1B) . In general, mammals endowed with larger brains also have a longer lifespan, thus suggesting that SVZ rodent-like features (fast chain migration into a dense astrocytic meshwork) are present when the neurogenic process takes place at high rates. This occurs throughout most of life in short-living organisms (e.g. rodents), whereas it is limited to postnatal ⁄ young ages in large-sized, long-living mammals. Most differences concern the astrocytic spatial organization and the neuroblast assembly into chains. OV, olfactory ventricle; VestOV, vestigial olfactory ventricle. Type C cells and displaced ependymal cells are not showed. Although still fragmentary, the data available suggest some general principles -(i) chain assembly could be linked to robust and fast cell migration; (ii) chain assembly and cell migration are not directly linked with persistence ⁄ closure of the olfactory ventricle; (iii) glial meshwork density is not directly linked with chain assembly; (iv) glial meshwork density is not directly linked with cell migration; (v) astrocytes and axons are not essential for cell migration, yet they constitute a preferable substrate. (B) Short-living mammals with small-sized brains show general features of robust chain migration even during adulthood, whereas long-living mammals endowed with large-sized brains generally retain these features only at postnatal ⁄ young ages.
Some discrepancies exist in the overall organization of the RMS, usually considered as a prevalent migratory route rather than a stem cell niche (Gritti et al., 2002) . A first difference consists of early postnatal collapse of the olfactory ventricle in some mammals (e.g. rodents, monkeys; Smart, 1961; Lois & Alvarez-Buylla, 1994; Sawamoto et al., 2011) , whereas this rostral extension of the lateral ventricle remains open through adulthood in others (e.g. rabbits, bovines, humans; McFarland et al., 1969; Ponti et al., 2006a; Curtis et al., 2007) . In rabbits, modifications of the glial network ⁄ ventricular system are associated with a remarkable increase in the size of the neuroblast chains, which can even migrate outside the glial barrier in young animals (Luzzati et al., 2003) . By contrast, the occurrence of true chains in humans remains controversial (Sanai et al., 2007) . On the basis of the current data available, in large-sized brains, for example those of bovines and primates (Rodriguez-Perez et al., 2003; Sanai et al., 2004; Quinones-Hinojosa et al., 2006; Gil-Perotin et al., 2009; Sawamoto et al., 2011) , the occurrence of isolated cells (both astrocytes and neuroblasts) is more frequent compared with the occurrence of thick bulks (Fig. 1) . The far larger size of most mammalian brains in comparison with the 1.5-cm-long mouse brain undoubtedly constitutes a technical limit in obtaining a complete and detailed description of the complex ventricular system and related SVZ ⁄ RMS, especially when time-consuming approaches, such as electron microscopic analyses, are required. Therefore, as far as large brains are concerned, available data are fragmentary due to the variety of approaches used by different authors as well as the different ages ⁄ strains investigated. As a result, morphological data concerning this topic in mammals still remain to be clarified. In the hippocampus, wherein the dentate gyrus loses its contact with the ventricular cavities during development, anatomical heterogeneity is greatly reduced. On the other hand, striking variations do emerge in function rather than structure. For instance, the long-lasting theory that the genesis of new neurons in the dentate gyrus could be generally and constantly involved in spatial memory has been reshaped by the observation that neurogenesis is very low or even absent in bats, namely flying mammals with navigation abilities for 3D-space and thus provided with remarkable spatial working memory (Amrein et al., 2007; Amrein & Slomianka, 2010) . This suggests ⁄ confirms the adaptive role of adult neurogenesis and the importance of ecological needs in directing the function of adult neurogenesis, even in neurogenic regions as 'constant' as the hippocampus. In conclusion, structural differences in cellular organization are more frequent in the SVZ, and could be related to the different anatomical organization of the ventricles (McFarland et al., 1969; ) not affecting the dentate gyrus as a 'parenchymally embedded' structure. Molecular and cellular aspects of persistent neurogenesis seem to be maintained quite constantly throughout the species in both neurogenic systems. The occurrence of similar primary progenitors (radial glia-derived astrocytes) and the subsequent steps of cell specification ⁄ differentiation [e.g. the sequential expression of the highly polysialylated form of the neural cell adhesion molecule (PSA-NCAM) and doublecortin (DCX), etc.] follow common patterns in rodents and in other mammals. The difference lies in the anatomical adaptation of these processes to the different brain anatomy and its functional outcome as regards the environment in which the animals live. This could explain the differences in SVZ organization and cell migration between humans and rodents that seem to fit with the fact that the human olfactory bulb makes up approximately 0.064% of the total brain weight, whereas that of rodents makes up approximately 20% of the total brain weight (Curtis et al., 2007) .
Differences in the so-called non-neurogenic regions
Despite the variations discussed above, SVZ and hippocampal neurogenesis can be considered as a largely shared feature among mammals. On the other hand, most differences emerging from inter-mammalian comparative studies do involve CNS parenchymal regions outside the neurogenic sites. Starting from a comparative study carried out on primates (Gould et al., 1999) , it was firstly hypothesized that some portions of the mammalian CNS parenchyma previously referred to as non-neurogenic could harbour some neurogenic processes. Many subsequent reports confirmed the existence of neurogenic events in other CNS regions (Table 1) , most of which were summarized in previous review articles (Emsley et al., 2005; Sohur et al., 2006; Gould, 2007; Migaud et al., 2010) . Nevertheless, some of the results obtained have not been found in all mammalian species investigated, others have not been reproduced since their first publication or have been denied by other investigators. Such a debate is quite reasonable in a sound scientific community. In some cases, parenchymal neurogenesis is very close to the threshold of detectability ensured by current technical approaches, due to the fact that it occurs at low levels in a few cells that can be dispersed within large portions of CNS tissue. Yet, the question arises -what are the non-neurogenic regions? Are they CNS regions previously considered incapable of neurogenesis in which the genesis of neurons actually occurs (so enriching the list of neurogenic regions) or, rather, do they correspond to regions in which a false-positive result has been obtained (so that the only neurogenic regions remain the SVZ and SGZ)? In between these two extremes we propose a third explanation, in which some of the previously called nonneurogenic regions are endowed with low-level, 'incomplete' neurogenic processes (see below). Thus, to correctly analyse this issue it is impossible to make a simple list of the topographical sites harbouring neurogenesis in mammals, a distinction is to be made between different aspects of the neurogenic process. First of all, the temporal extension of neurogenesis during postnatal ⁄ adult periods is highly variable in different species and CNS regions. This aspect will be analysed in the following paragraph in order to isolate true adult neurogenic processes from early postnatal extensions of embryonic neurogenesis. Then, in the subsequent sections of the review, by focusing on adult neurogenesis in the parenchyma we will address the variables at the basis of its heterogeneity, such as the final outcomes produced at different steps of the neurogenic process (complete and incomplete neurogenesis), and its nature as either a spontaneous event in the intact CNS (constitutive, physiological neurogenesis) or induced after experimental ⁄ pathological conditions (potential, lesion-induced neurogenesis). 
Temporal extension of constitutive neurogenesis -postnatal neurogenesis in young mammals
The end of developmental neurogenesis is highly heterogeneous in the mammalian species. Most of the neurons are generated postnatally, following a wide range of temporal windows. The majority of these neurons are granule cells, namely small-sized, relatively uniform neurons morphologically, yet displaying remarkable differences in their function and neurotransmitter content (Kuhn & Blomgren, 2011) . This general behaviour of delayed neurogenesis shows differences among mammalian species, concerning both topographical and temporal variations within the same brain region. Because we know that neurogenic processes continue throughout life in regions such as the olfactory bulb and the dentate gyrus, a distinction should be made between 'protracted' neurogenesis, as a transitory extension of the developmental neurogenesis for some periods after birth, and 'persistent' neurogenesis, namely a constitutive neurogenic process that can decrease in intensity but does not come to an end (Fig. 2 ). More precisely, protracted neurogenesis should be viewed as a morphogenetic process accomplished after birth (Fig. 2 , black fields). The mouse olfactory bulb is a typical example -postnatal morphogenesis involving glomerular formation is delayed until the first week after birth (Bailey et al., 1999) , then, persistent neurogenesis from the SVZ grants interneuron turnover throughout life. In mammals, the most striking prototype of protracted neurogenesis is the cerebellum. Although the genesis of most cerebellar cell types occurs very early from the periventricular neuroepithelium lining the 4th ventricle, interneurons and some astrocytic glial cells complete their centrifugal migration through the white matter and their specification postnatally (Maricich & Herrup, 1999; Grimaldi et al., 2009) . Cell proliferation of these progenitors still occurs in prospective white matter. In addition, the postnatal mammalian cerebellum undergoes a protracted genesis of granule cells through a transitory, secondary germinative layer localized on its surface, that is, the external germinal layer (EGL). The EGL is formed by tangential subpial displacement of cell precursors from the germinal trigone of the 4th ventricle, then leads to protracted genesis of the granule cell population by radial, centripetal migration of cell precursors. This transitory germinal zone progressively reduces its thickness as the granule cell precursors migrate deep into the cortex, then disappear at specific ages in different species (from 3 weeks in mice to 11 months in humans, which is very early compared with puberty; reviewed in Ponti et al., 2008 Ponti et al., , 2010 . In rodents, the delayed proliferation, specification and differentiation of glial cells and interneurons coming from the prospective white matter is concluded before the end of granule cell genesis (Grimaldi et al., 2009; Leto et al., 2009) . After this stage, no more cell genesis is detectable, as no germinal layers remain active, so that cerebellar plasticity throughout life is granted solely by synaptic changes in pre-existing circuits. Under the functional profile, this delayed genesis of granule cells and interneurons shares a logic with the role of cerebellar circuits in learning ⁄ adapting motor skills to the environmental cues the animal is dealing with during postnatal ⁄ young stages of its life. This process does not involve simply the addition of new neurons, but also the choice between different types of cell specification (Grimaldi et al., 2009; Leto et al., 2009) . The delayed cerebellar neurogenesis might be considered as part of the critical periods that allow formation of new synaptic contacts as well as involving the recruitment of new neurons. Recent comparative work carried out on the cerebellum of New Zealand white rabbits revealed a far more complex situation, as in these lagomorphs protracted neurogenesis extends around and beyond puberty (Ponti et al., 2006b ). Subsequently, it persists during adulthood to a lesser extent Figs 2 and 3) . Unlike most mammals, cell proliferation on the rabbit cerebellar surface extends beyond puberty, up to the fifth month of age. Starting from the second month of life, the germinal layer hosting such proliferation (subpial layer, SPL) acquires features that are different from the EGL, consisting of tangential chains of neuroblasts that share the same cytology and cellular markers of SVZ chains of neuroblasts (Ponti et al., 2006b (Ponti et al., , 2010 . The rabbit SPL spans from 1 to 5 months of age, persisting shortly beyond puberty, yet it is not just an 'extension in time' of the EGL as the descent of granule cell precursors is exhausted long before puberty. The role of rabbit SPL persistence remains unresolved, although it could be involved in the tangential displacement of neuronal precursors, as described in the mouse EGL pre-migratory layer prior to engagement in radial migration (Komuro et al., 2001 ). Even after SPL disappearance, local neurogenesis persists in the rabbit cerebellar cortex (see below for more detail). The intensity of such a process, which has been documented in adult rabbits up to 3 years old, progressively decreases (10 ⁄ 1 in the first 6 months, and once again 10 ⁄ 1 from 6 months to 3 years; . Subsequent ages have not been investigated, yet the substantial decrease in newly generated cerebellar neurons suggests a further dilution ⁄ exhaustion of the process in older rabbits, thus representing a case of protracted rather than persistent neurogenesis. These results obtained in the rabbit show that remarkable differences may exist in mammals, perhaps requiring further comparative re-examination of postnatal cerebellar development by taking into account different functional aspects. Little is known about what factors determine the timing of the onset of walking, which represents a fundamental milestone in motor development of mammals (altricial vs. precocial mammals; Sanchez-Villagra & Sultan, 2001) . Hoofed animals start walking within hours after birth, both rodents and small carnivores require days or weeks, and non-human primates take months (humans approximately 1 year) to achieve this locomotor skill (Garwicz et al., 2009) . Another case of protracted neurogenesis is that of secondary migratory pathways (Fig. 2) . In the mouse subcortical forebrain, in addition to the RMS, some SVZ-derived progenitors migrate in a ventral migratory mass (VMM) across the nucleus accumbens into the basal forebrain, giving rise to granule neurons in the islands of Calleja (De Marchis et al., 2004; Fig. 3A) . Another group of cells migrate along a ventrocaudal migratory stream (VMS) originating at the elbow between the vertical and horizontal limbs of the RMS, then reaching the olfactory tubercle pyramidal layer (De Marchis et al., 2004) . In the rabbit, large masses of DCX+ neuroblasts similar to the mouse VMM are present in the ventral part of the olfactory ventricle (and RMS; Fig. 3B ) during the first postnatal month (Ponti et al., 2006a) . In young rabbits, up to puberty, SVZ-derived parenchymal chains can still leave the neurogenic zone migrating outside the astrocytic glial meshwork to reach the frontal cortex (Luzzati et al., 2003; Ponti et al., 2006a; Fig. 3C and D) . These cells, whose ultimate function and possibility for survival remain obscure, are generated within the SVZ and then migrate through the corpus callosum as postmitotic neuroblasts (Ponti et al., 2006a) . Finally, worthy of mention is the case of nonplacental mammals that are born in an immature state, for example the opossum (Monodelphis domestica, belonging to Metatherians or marsupials). The CNS of these animals at birth corresponds to 14-day mouse embryos, which allows the spinal cord to regenerate after a lesion up to P9-12 (Mladinic et al., 2009 ). Unfortunately, despite substantial knowledge about CNS regenerative capacity in opossum, very little is known about constitutive neurogenesis in these animals. Hence, the extension of postnatal neurogenesis in young mammals is highly variable as to the species and the CNS regions considered, the former being strictly related to puberty and lifespan, the latter to the animal lifestyle. Regarding the source of the newly generated cells, in some cases the protracted neurogenesis is linked to the transient persistence of germinal layers (e.g. EGL, SPL), yet it can also be sustained by local progenitors (e.g. rabbit cerebellum; Fig. 5 ). Nevertheless, it is worthwhile pointing out that the difference between protracted and persistent neurogenesis could not have any sharp boundaries. The point at which sexual maturity occurs during the lifespan in mammals is highly variable, so that remarkable variations also exist in defining 'adulthood' in different species (Lindsey & Tropepe, 2006) . In addition, important species-specific variations can involve the time course of developmental neurogenesis, such as in primates, which have evolved an expanded isocortex by selectively delaying neurogenesis, expanding the SVZ and delaying maturation (Smart et al., 2002; Charvet & Striedter, 2011) . Finally, the time course of persistent neurogenesis in elderly individuals is also subject to changes. The issue concerning how fast its rate decreases with age has been answered in rodents (Kempermann et al., 2003; Luo et al., 2006) ; however, it remains quite undetermined in other mammalian species. Table  2 ). Red nuclei, markers of proliferation ⁄ lineage that can be associated with specific cell markers (bottom). The two brain neurogenic sites are germinal layer-derived and host wellcharacterized stem cells and niches; within these sites the whole process from the stem cell division to the mature neuron functional integration has been demonstrated to occur (complete neurogenesis). By contrast, the CNS parenchymal regions (so-called nonneurogenic) are not directly related with germinal layers and lack well-defined neurogenic niches; the sources of parenchymal neurogenesis are still unclear as to their nature of stem ⁄ progenitor cell properties and remarkably vary in different brain regions. In non-neurogenic regions, most of the evidences for neurogenesis are interrupted at various intermediate levels (incomplete neurogenesis). BrdU, 5-bromo-2¢-deoxyuridine; DCX, doublecortin; E.M., electron microscopy; E.P., electrophysiology; GABA, c-aminobutyric acid; GFAP, glial fibrillary acidic protein; PHH3, mitotic phosphorylated amino-terminal form of the histone H3; PSA-NCAM; highly polysialylated form of the neural cell adhesion molecule. 5 . Heterogeneity of postnatal ⁄ adult neurogenic processes in different mammals by considering different aspects (A), including the postnatal developmental stage, the spontaneous neurogenesis and gliogenesis in different CNS regions, the induction of neurogenesis after various experimental ⁄ pathological conditions, some controversial localizations. In the bottom right figure, the main differences emerging from comparative neurogenesis in mammals are summarized. (B) Schematic summary of the main sources (progenitor cells) of adult mammalian neurogenesis, its outcome in vivo ⁄ in culture system, and its possible activation after lesion. In the case of many non-neurogenic regions, some of these steps are still obscure. BLBP, brain lipid-binding protein; EGL, external germinal layer; GABA, c-aminobutyric acid; Map5, microtubule-associated protein 1B; Ng2, nerve ⁄ glial antigen 2 proteoglycan; NPY, Neuropeptide Y; SGZ, subgranular zone; SPL, subpial layer; SVZ, subventricular zone; VMM, ventral migratory mass; VMS, ventrocaudal migratory stream.
In the context of protracted neurogenesis, it is worth mentioning that gliogenesis is generally delayed compared with neurogenesis. In this case, due to a slow, widespread proliferative activity of some glial progenitors that persists in the adult CNS parenchyma (see below; paragraph on gliogenesis), an overlap with the postnatal wave of gliogenesis does exist. Nevertheless, postnatal gliogenesis is a massive process primarily providing axonal myelinization, as consistently shown in the rat corpus callosum during the first 2-4 weeks of life (Levison & Goldman, 1993) , whereas some functional aspects of constitutive adult gliogenesis still remain obscure. The genesis and migration of oligodendrocyte precursors from the adult SVZ to the corpus callosum remain active throughout life both in physiological and pathological states (Picard-Riera et al., 2002; Nait-Oumesmar et al., 2007) . In particular, a specific subregion of the SVZ located at the limit between hippocampus and corpus callosum, and known as the subcallosal zone, is particularly active as a source of oligodendrocyte precursors (Seri et al., 2006) . In conclusion, all examples of protracted neurogenesis occur for transitory, postnatal periods as an extension of embryonic neurogenesis aimed at building specific brain regions (with differences potentially related to speciesspecific adaptations), then being exhausted at different stages. For this reason, protracted neurogenesis, as an aspect of development, and persistent (adult) neurogenesis, as a form of life-long neural plasticity, should be kept separate.
Heterogeneity of adult parenchymal neurogenesis in mammals
As suggested above, adult neurogenesis in the so-called nonneurogenic regions (parenchymal neurogenesis) shows substantially different features from the one known in the neurogenic sites (SVZ and SGZ), as it is more heterogeneous. The existence or absence of the neurogenic process (regionalization) is linked to species-specific differences, which confirms the need for comparative analyses to reach an in-depth picture in mammals. In addition, another kind of heterogeneity concerns qualitative ⁄ quantitative characteristics of the process itself, such as -(i) its dual nature of spontaneous event in the intact CNS (constitutive, physiological neurogenesis) and ⁄ or inducible process after experimental ⁄ pathological conditions (potential, lesion-induced neurogenesis); and (ii) the level reached by the neurogenic process as to its final outcome, here referred to as 'complete' and 'incomplete' neurogenesis. The existence of these multifaceted aspects implies the proper use of related terminology by adapting the current definitions to this new heterogeneity. Constitutive neurogenesis is the spontaneous, continuous genesis of new neurons as part of a physiological, homeostatic process (Emsley et al., 2005) . It primarily occurs in the SVZ and SGZ neurogenic sites, wherein neurons and, to a lesser extent, glial cells are continuously generated throughout life (Kempermann et al., 2004; Lledo et al., 2006) . In these neurogenic zones, the long-lasting persistence of the process itself is granted by the presence of bona fide stem cells, which persist from primitive embryonic germinal layers and are harboured within a specific microenvironment capable of regulating their activity -the stem cell niche (Doetsch, 2003; Kriegstein & AlvarezBuylla, 2009 ; Fig. 4 ).
In addition, several examples of constitutive neurogenesis have been reported outside the two classic neurogenic sites (Table 1 , white lines). They have been described in rodents (Dayer et al., 2005; Kokoeva et al., 2005) , rabbits (Luzzati et al., 2006; Ponti et al., 2008) and monkeys (Gould et al., 1999; Bernier et al., 2002) . This suggests that constitutive neurogenesis might exist in the mammalian CNS parenchyma, even in the absence of evidence for germinal layer-derived stem cell niches, which may depend on the species (Ponti et al., 2010) . Beside spontaneous neurogenesis, it is becoming increasingly clear that basal levels of neurogenic activity can increase dramatically under specific physiological, experimental and pathological stimulation (see for example, Arvidsson et al., 2002; Emsley et al., 2005; Ohira et al., 2010 ; Table 1 , grey lines). What remains irresolute is whether spontaneous and lesion-induced neurogenesis follow the same pathways and ⁄ or involve the same progenitors. In fact, stem ⁄ progenitor cells of the parenchymal regions compared with those in neurogenic sites are far more heterogeneous as regards their nature and potentialities (for more detail see below, paragraph on gliogenesis). Constitutive neurogenesis occurring in germinal layer-derived neurogenic sites can be considered complete, as it leads to functional integration of newlyborn neurons playing a role in homeostasis (by replacing dead neurons or adding to preexisting populations; Kempermann et al., 2004; Lledo et al., 2006; Imayoshi et al., 2008) . On the other hand, what was revealed in nonneurogenic regions both in physiological and lesion-induced conditions mostly appears incomplete (Fig. 4) . Theoretically, this aspect could be linked to technical limits in the detection of very low levels of parenchymal neurogenesis, both considering the identification of cell proliferation and that of cell lineage. The issue of cell proliferation has common bases and was widely analysed in previous articles (Nowakowski & Hayes, 2000; CooperKuhn & Kuhn, 2002; Gould & Gross, 2002; Rakic, 2002; Breunig et al., 2007; , whereas the task of following the fate of the newlyborn elements through time (including the specification, differentiation, possible migration and final integration) appears more heterogeneous and requires more complex approaches. Nevertheless, a vast number of reports currently published in the domain of parenchymal neurogenesis, although accurate and carried out with multiple technical approaches, do suggest that in most cases newly formed elements barely survive and do not fully integrate. In order to critically evaluate ⁄ compare neurogenic events among diverse mammalian species ⁄ regions, in the present review we have dissected five subsequent levels in the neurogenic processes that could be reliable and 'transversal' for diverse cell types and neurogenic systems, spanning from cell division to possible integration of specified ⁄ differentiated elements into the CNS tissue (Table 2 ). When any of these five steps are unfulfilled, the neurogenic process should be classified as incomplete. In the next paragraph (and related Table 1) parenchymal neurogenesis in mammals will be reviewed by taking into account not only its occurrence ⁄ absence in different species ⁄ regions, but also the two main aspects of heterogeneity -constitutive vs. lesion-induced neurogenesis (indicated with white and grey lines in Table 1 ); and complete vs. incomplete neurogenesis (steps 1-5 in Tables 1 and 2 ; Fig. 4) . Table 2 . Subsequent basic biological steps from genesis to integration, theoretically occurring in any newly generated cell, independently from specific regional ⁄ species features Different steps of cell genesis and differentiation have been described in various developmental and adult neurogenic systems (Guillemot, 2007; Kempermann et al., 2004; Zhao et al., 2006) . Here, the basic biological steps shared by newly generated cells, independently from regional ⁄ system differences, are represented. Endogenous cell divison markers (Ki67, PHH3) detect phases of the cell cycle, yet not allow the visualization of other cell features and morphological aspects (shape, migration, emission of neurites, etc.). Thus, level 1 must be followed by the whole visualization of cell morphology and proof of its longterm survival by using exogenous markers ⁄ viruses associated with specific cell markers. The simultaneous localization of multiple markers can add further information about the identity of the newly generated cells. Some of these markers can be overlapping in different differentiative stages, temporal windows, and cell lineages, (e.g., Map5 which can be expressed in both neurons and glia); thus, in some cases, levels 2 and 3 can be overlapping. 'Neurogenesis' (level 4) is considered when the newly generated cells can be attributed to a well known neuronal (or glial) subtype.
Regional extension of neurogenesis
The goal of the present paragraph, rather than add new evidence for neurogenesis in non-neurogenic regions, is to update the list by critically discussing the results reported in different mammalian species ⁄ brain regions, and by taking into account different criteria that include both technical and scientific considerations (Table 1 
; Figs 4 and 5).

Neocortex
Pioneer studies in the search for adult neurogenesis in the mammalian neocortex were those of Michael S. Kaplan (1981) , performed by combining thymidine autoradiography and electron microscopy in the 3-month-old rat visual cortex after exposure to a complex environment. At that time, however, it was viewed with scepticism (Kaplan, 2001 ). More than 20 years later, Dayer et al. (2005) clearly showed the occurrence of new neurons in the deep layers of the rat cerebral cortex. By labelling newlyborn cells with multiple intraperitoneal (i.p.) injections of 5-bromo-2'-deoxyuridine (BrdU), and using markers of both immature and mature neurons to characterize the new cells through a detailed confocal analysis at different survival times, they demonstrated genesis of new γ-aminobutyric acid (GABA)ergic interneurons (level 4, Table 1) in both the neocortex and striatum. At 4-5 weeks survival time, 0.4 ± 0.13% of the BrdU+ cells were mature NeuN+ neurons (33 on 7624 cells examined in 10 animals, four sections ⁄ animal) in the neocortex. Morphological and phenotypical analyses assert these cells belong to different categories of cortical interneurons. Interestingly, although several BrdU+ ⁄ DCX+ ⁄ Tuc4+ neuroblasts were identified close to the SVZ periventricular region, the great majority of cortical BrdU+ cells (nearly 90% at 2-h survival time, and 60% at 4-5 weeks) were positive for nerve ⁄ glial antigen 2 proteoglycan (Ng2). From these data the authors suggested that adult cortical newborn interneurons might originate from in situ progenitors. Other studies, also carried out on the rat neocortex, yet less accurate than Dayer's work (Gould et al., 2001; Tamura et al., 2007) , support the occurrence of neurogenic events in this region (levels 2 and 3, Table 1 ). Interestingly, Tamura and colleagues found that a subpopulation of Ng2+ ⁄ DCX+ cells resides in the rat neocortex, some of which acquire neuronal specification. Neuronal progenitor cells expressing Ki67, BrdU and the mitotic phosphorylated amino-terminal form of the histone H3 (PHH3) proliferation markers have been described in layer 1 of adult rats (Ohira et al., 2010) . They also express molecular markers of cells deriving from the ganglionic eminence (Nkx2.1) and GAD67, and increase 1.56-fold after mild ischaemia (see below). Unlike rats, no clear evidence of constitutive neurogenesis has been shown in the intact mouse cerebral cortex, while a few studies indicated the presence of new cells expressing generic markers of mature neurons (NeuN) in the adult neocortex of different monkey species (Gould et al., 1999 (Gould et al., , 2001 Bernier et al., 2002 ; Table 1 ). Gould et al. (1999) , by multiple BrdU injections (i.p. and intraventricular, i.v.), showed the addition of newborn neurons in the prefrontal, inferior temporal and posterior parietal cortex of Macaca fascicularis. Surprisingly, they found that 1 week or more after the last BrdU injection in the prefrontal cortex, the majority (62-84%) of newborn cells showed neuronal features, and a subset of the latter expressed markers of both immature and mature neurons (levels 1-3, Table 1 ). Further evidence that some new cells were neurons was supported by the presence of newborn cells retrogradely filled with Fluoro-Emerald and ⁄ or Fast-Blue previously injected in target areas in which BrdU+ cells had been found. As to the origin, the authors suggested newborn cortical neurons migrate from the SVZ, but no clear evidence supports this hypothesis. A couple of years later, Gould and collaborators reconfirmed the presence of new neurons in the primate neocortex by comparing the production and survival of adult-generated neurons and glia in the dentate gyrus, prefrontal cortex and inferior temporal cortex (Gould et al., 2001) . At long survival times they also showed newborn BrdU+ ⁄ NeuN+ cells in the rat neocortex, asserting that adult neurogenesis in this region is not limited to primates. Besides Old World monkeys (Macaca fascicularis), neurogenesis was described in diverse cortical and subcortical regions (i.e. amygdala, piriform cortex and adjoining inferior temporal cortex) of New World monkeys (Saimiri sciureus; Bernier et al., 2002) . In both species newborn neurons expressed the anti-apoptotic protein Bcl-2, and were found distributed along a pathway that extended from the tip of the temporal ventricular horn to the deep portion of the temporal lobe. Data obtained studying the distribution of the BrdU+ cells and performing DiI injections were indicative of the existence of a temporal migratory stream, but a clear demonstration that newborn neurons in the temporal lobe may have migrated from the SVZ is still lacking. Their quantitative estimates indicated the impressive result that at least 27% of BrdU+ cells scattered in the temporal lobe (including the deep layers of temporal cortex) differentiate into neurons. It is important to highlight that, in contrast to these results, several reports confirmed the presence of proliferating cells in the neocortex of adult macaque monkeys, but such activity was not found associated with the genesis of new neurons (Nowakowski & Hayes, 2000; Kornack & Rakic, 2001; Koketsu et al., 2003; Rakic, 2006) . Accordingly, by using a new approach based on the carbon-14 (14C) assay to check the age of cells in humans, Bhardwaj et al. (2006) added evidence that neocortical neurogenesis is restricted to a precise developmental stage in the adult human brain. Thus, the presence of neurogenesis in the mammalian neocortex under physiological conditions remains controversial, at least in some species. By contrast, under experimental induction, neocortical neurogenesis has been identified in virtually all species examined so far -rats, mice and monkeys. In rats, as mentioned above, by injecting into layer 1 a recombinant retrovirus vector expressing membrane-targeted green fluorescent protein (GFP) under the CMV promoter, Ohira et al. (2010) were able to show that proliferating cells that settled in the rat neocortical layer 1, under a mild ischaemic condition, can generate GABAergic cells that migrate to the deep cortical layers within 7-10 days after treatment. At 4 weeks after ischaemia they found several immature and mature neuronal markers expressed in GFP+ cells located between layers 2 and 6 (from 46 to 77%). In addition, they also showed that about 70% of GFP+ cells expressed sodium channels essential for the production of action potential and synapsin 1, thus supporting these cells actually differentiating into neurons. Further phenotypic examination of GFP+ cells up to 8 weeks post-ischaemia indicated they differentiated into diverse types of GABAergic neurons. Only a few GFP+ cells of layers 2-6 were found co-labelled for glial markers. Finally, when the virus was injected into the SVZ, a few GFP+ cortical neurons were found, indicating that the large majority of cortical newborn neurons originated from layer 1. Actual integration into preexisting circuits (level 5, Table 1 ) was suggested based on c-fos expression in GFP newborn neurons in the barrel cortex, after exploration tasks involving the whisker system. Induction of neurogenesis was also described in the neocortex of adult mice. Two studies performed by the same group (Magavi et al., 2000; Chen et al., 2004) , by using synchronous apoptotic degeneration of neurons in layer IV and V, showed the astonishing result of inducing in situ newborn neurons able to form new corticothalamic and corticospinal connections (levels 1-5, Table  1 ). These results asserted that the adult murine cortex, which is nonneurogenic in the intact animals, is capable of neuronal regeneration by activating endogenous progenitors in response to specific forms of injury and under appropriate conditions. Unfortunately, no other studies confirmed these results, which is probably due to the fact that chromophore-targeted laser photolysis is a rather complex methodology. Newborn neurons have also been found in the sensorimotor cortex of Macaca fascicularis following cervical dorsal rhizotomy (Vessal & Darian-Smith, 2010 ; level 4, Table 1 ). In a previous study, using the same experimental paradigm, they showed reactive neurogenesis in the spinal dorsal horn 6-8 weeks after the lesion (Vessal et al., 2007) . These data are interesting as they provide evidence that new neurons can be formed within the uninjured cortex in response to a far cervical deafferentation. It is to be noted that analysis of BrdU+ ⁄ glial fibrillary acidic protein (GFAP)+ cells indicated a significant increase in proliferating astrocytes in the reorganizing cortex, and that no newborn neurons were identified in any cortical region of the control animals. Overall, data seem to support the occurrence of low levels of constitutive neurogenesis in the intact adult neocortex of mammals, with remarkable differences among species. The activity appears more evident in monkeys, while less pronounced in rats and extremely scarce in mice. Interestingly, the low levels of constitutive cortical neurogenesis are substantially increased after a lesion, thus suggesting that this brain region shows some potentialities. Nevertheless, we are reasoning over a restricted number of species analysed so far, wherein most results do not support the occurrence of complete neurogenesis.
Striatum
A large number of studies have investigated the occurrence of adult neurogenesis in the striatum of mammals, especially in rodents and in neurodegenerative models (Emsley et al., 2005) . Under physiological conditions the occurrence of cells expressing molecular markers of neural plasticity such as PSA-NCAM and DCX were initially described in the striatum of both mice (Yang et al., 2004) and rats (Nacher et al., 2001) . In these studies, some of these cells were found to show morphological features of migrating neuroblasts (Yang et al., 2004) , and other characteristics of mature neurons (Nacher et al., 2001; Yang et al., 2004) . Later on, the above-mentioned study performed by Dayer et al. (2005) suggested that in rats these cells could be potentially considered as part of an adult neurogenic process leading to the genesis of striatal interneurons. Indeed, by examining the expression of immature and mature neuronal markers in the striatal periventricular region at different BrdU post-injection survival times, they found newborn cells progressively undergoing neuronal specification and differentiation into GABAergic interneurons (levels 1-4, Table 1 ). At 4-5 weeks survival time, about 6% of the BrdU+ striatal cells (57 ⁄ 995 cells identified examining two sections in eight animals) expressed NeuN, and the vast majority were positive for calretinin (which in the striatum characterizes a small subpopulation of interneurons). These cells were mostly found in the nucleus accumbens and within the dorso-medial striatum, the latter corresponding to the caudate nucleus in non-rodent mammals. Interestingly, in contrast to newborn cortical cells described in the same study (see above), striatal newborn neurons were suggested as originating from the adjacent SVZ. Less detailed studies indicating lower levels of neurogenesis were performed in the striatum of intact mice and monkeys (Table 1 ). In monkeys, BrdU was associated with the mature neuronal marker NeuN, at long survival times (Bédard et al., 2002a (Bédard et al., , 2006 . By contrast, a neurogenic system acting under physiological conditions was described in the caudate nucleus of adult rabbits (Luzzati et al., 2006) . Newborn BrdU+ cells were associated with multiple immature and mature markers of neurons (levels 1-4, Table 1 ). The stereological time course analysis indicated that BrdU+ ⁄ NeuN+ cells were only detectable at the longer survival times considered, and that after 2 months only 0.7% of the surviving BrdU+ cells were detectable as newborn neurons. Additional confocal phenotypic analyses indicated that about 1 ⁄ 6 of newly formed neurons differentiated into calretinin striatal interneurons (Fig.  6) . In spite of an extremely low number of newly formed interneurons, if Fig. 6 . Species-specific peripubertal and adult neurogenesis in rabbits. (A) Cerebellum; (B) striatum. The rabbit cerebellum is an example of protracted neurogenesis extending into adulthood, although with decreasing intensity. A SPL (A, top) is detectable on the cerebellar surface until puberty as an extension of the early postnatal external granule layer. Pax2+, γ-aminobutyric acid (GABA)ergic interneurons continue to be generated in the cerebellar cortex of young ⁄ adult rabbits, at least up to 3 years old (A, bottom). BLBP, brain lipid-binding protein; BrdU, 5-bromo-2'-deoxyuridine; CV, Cresyl violet; DCX, doublecortin; PSA, highly polysialylated form of the neural cell adhesion molecule; the electron microscopy images are referred to pre-embedding detection of a BrdU+ cell 60 days post-injection. The rabbit striatum (B) is an example of persistent neurogenesis (investigated until 3 years old without any decrease in the rate of cell genesis) occurring from BLBP+ local progenitor division then giving rise to chains of DCX+ neuroblasts and Calretininin (Calret)+ neurons in the caudate nucleus. Both these neurogenic processes originate from local parenchymal progenitors independently from protracted ⁄ persistent germinal layers, and are absent in rodents. (A) From Ponti et al. (2006b Ponti et al. ( , 2008 ; (B) from Luzzati et al. (2006). referring to the whole striatal calretinin population, the percentage of newly generated calretinin cells is not negligible, as it represents about 0.1%. These results support constitutive neurogenesis in this region, partly devoted to replace and ⁄ or add cells within the small subpopulation of calretinin striatal interneurons. Comparison with the SVZ-olfactory bulb system and hippocampus, wherein about 50% of the neuronal precursors became mature neurons (Petreanu & Alvarez-Buylla, 2002; Kempermann et al., 2004) , indicates that neuroblast survival within the adult caudate nucleus is very low (< 10% of the initial neuronal precursor population). On the other hand, similarly to the SVZ-olfactory bulb system, striatal neuronal precursors are initially organized as chains, which in turn give rise to individual elements that ultimately differentiate into mature NeuN-positive neurons (Fig. 6) . As to the origin of these cells in the striatum, by using the endogenous marker of cell proliferation Ki67 it was shown that part of the striatal proliferating cell population is organized into small clusters mainly distributed in the medialdorsal part of the striatum. Quantitative studies and confocal analyses on thick sections demonstrated a close physical and numerical correlation between the number of striatal chains and proliferating clusters, suggesting that striatal neuronal precursors originate locally from the activity of proliferating cells, which act as amplifying elements (Fig. 6) . Genesis of neuroblasts directly from the mature striatal parenchyma was confirmed in vitro by culturing small strips of tissue obtained from the striatum. In addition, phenotypic analyses indicated that about 85% of the proliferating clusters express the astroglial marker brain lipid-binding protein (BLBP), a protein abundant in radial glia, which serve as neuronal progenitors in all regions of the CNS and give rise to the adult SVZ and SGZ progenitors (Anthony et al., 2004) . It is interesting to note that ongoing studies on the striatum of young ⁄ adult guinea pigs (Luzzati et al., 2011) indicate the occurrence of a similar neurogenic system. While data regarding experimentally induced neurogenesis in the rabbit and monkey are still lacking, as mentioned beforehand, a huge number of studies have investigated striatal neurogenesis in rodent models of neuronal degeneration. The Swedish group of Olle Lindvall examined in detail strokeinduced neurogenesis in the rat striatum. After transient ischaemia they found that SVZ precursors migrated to the more severely injured areas of the striatum, where they differentiate into mature neurons (Arvidsson et al., 2002 ; levels 1-4, Table 1 ). Indeed, at 4-weeks survival time, they identified many BrdU+ ⁄ NeuN+ cells. Interestingly, newborn NeuN+ neurons were not identified in the injured regions of the parietal cortex. Accordingly, at 5 weeks following the insult they found that about 42% of BrdU+ ⁄ NeuN+ cells also expressed DARPP-32, a marker characterizing the mature striatal projection neurons. Other reports described similar results in mice models of striatal neurodegeneration (Yamashita et al., 2006; Cho et al., 2007) , suggesting that under certain circumstances, and particularly after growth factor infusions (Pencea et al., 2001; Teramoto et al., 2003; Cho et al., 2007) , reactive neurogenesis in rodents can regenerate a few lost striatal neurons. Nevertheless, Liu et al. (2009) , by combining BrdU and viral labelling with multiple markers, demonstrated that ischaemic injury in rats does not alter the intrinsic differentiation of SVZ neuroblasts migrating to the lesioned striatum, thus suggesting in this case that reactive neurogenesis involving activation of SVZ progenitors is mostly abortive. These contradictory results raise a question about the possible activation of latent parenchymal progenitors, a hypothesis that has been a lot less investigated in striatal injury-induced neurogenesis.
Constitutive neurogenesis in the adult striatum is a striking example of remarkable differences among mammalian species, ranging from absence in mice to occurrence of a robust neurogenic system in rabbits. On the other hand, substantial induction of neurogenesis has been described to occur in rodents after different types of lesion, whereas no data are currently available on species endowed with spontaneous striatal neurogenesis (rabbits). Overall, the striatum of mammals appears as an unfavourable environment for survival rather than genesis of newly formed neurons.
Hypothalamus
Since 2005, several publications based on experiments carried out on rodents have been reporting data on the hypothalamus as a new site for adult constitutive neurogenesis in mammals (for review, see Migaud et al., 2010) . Under physiological conditions, both in rats (Xu et al., 2005) and mice (Kokoeva et al., 2007; Bennett et al., 2009) , proliferative activity does occur in the ependymal layer of the third ventricle and within the surrounding parenchyma. In rats, Xu and collaborators using electron microscopy and immunohistochemistry showed that tanycytes lining the 3rd ventricle proliferate and express molecules usually found in glial, stem-like progenitor cells, such as BLBP and nestin. The presence of putative neural progenitors was further supported by the isolation of cells able to give rise to neurospheres from the hypothalamus. One month after BrdU injection, proliferating cells, some of which expressing Hu protein, were detected in the surrounding parenchyma. Similar results were obtained in mice (Kokoeva et al., 2007 ), yet in both rodent species no clear evidence has supported constitutive and complete hypothalamic adult neurogenesis under physiological conditions. A significant increase in hypothalamic proliferating cells can be obtained by performing i.v. delivery of BrdU (350% more positive nuclei, in comparison to i.p. treated animals); nevertheless, in spite of such cell proliferation the level of neurogenesis in the intact hypothalamus seems to be arrested at a very premature stage (level 1, Table 1 ). On the other hand, growth factor infusion (Pencea et al., 2001; Kokoeva et al., 2005; Xu et al., 2005; Pérez-Martı n et al., 2010) or certain experimental conditions ⁄ models, such as prolonged heat exposure (Matsuzaki et al., 2009) and the mutant mice investigated by Pierce & Xu (2010; see below) , seem to increase neurogenesis in the hypothalamus. Intracerebroventricular infusion of insulin growth factor I in rats (Pérez-Martı n et al., 2010) triggered an intense proliferation along the 3rd periventricular area and in the parenchyma of the caudal hypothalamus. As concerns the genesis of new neurons, after i.v. treatment with bFGF in rats (Xu et al., 2005) , and ciliary neurotrophic factor (CNTF) in mice (Kokoeva et al., 2005) , it was shown that proliferation induced by growth factors can be followed by genesis of newborn neurons (levels 1-3, Table 1 ). In addition, after CNTF infusion, some of the newborn (induced) hypothalamic neurons were found to express the phosphorylated form of STAT3, a component of the leptin-activated signalling cascade that plays a key role in the control of feeding centres (Bates et al., 2003) . Interestingly enough, in a mouse model showing progressive degeneration of the hypothalamic arcuate nucleus neurons expressing orexigens, proliferation increases and newborn cells seem to regenerate lost neurons (Pierce & Xu, 2010) . Because acute elimination of these neurons leads to severe anorexia and weight loss, while progressive elimination does not, it has been proposed that such reactive neurogenesis could act as a true compensatory mechanism. Detailed morphological and molecular analyses of the 3rd periventricular region of these animals showed interesting architectural similarities with the SVZ neurogenic niche (e.g. proliferating astroglial cells contacting the ventricle by an apical process bearing a single cilium), with tanycytes as primary proliferating elements lining the 3rd ventricle (Pérez-Martı n et al., 2010) . Yet, additional studies are necessary to clearly demonstrate ⁄ confirm whether hypothalamic newborn neurons generated after physiological ⁄ pathological stimulation actually become part of the pre-existing circuits playing a role in energy-balance mechanisms. On the whole, the data gathered concerning hypothalamic putative neurogenesis suggest the existence of low basal levels of cell genesis, associated with striking potentialities for reactive neurogenesis, most of which remain incomplete.
Cerebellum
The mammalian cerebellum, as a typical example of postnatal neurogenesis aimed at establishing a huge population of granule cells during the period in which the animal is interacting with the external environment, is treated in more detail in the paragraph on protracted neurogenesis. The cerebellum is also a remarkable model for adult neurogenesis regionalization among mammals. Until a few years ago, it was universally accepted that all processes of delayed cell genesis in the neuronal lineage were exhausted with the end of granule cell genesis and concurrent EGL disappearance (Altman, 1972) . Yet, two studies carried out on rabbits revealed substantial genesis of cerebellar interneurons until peripubertal ages, and to a lesser extent, in adult animals (Ponti et al., 2006b . These cells are Pax2+ neuroepithelial-derived neurons (Weisheit et al., 2006 ) that continue to proliferate within the cerebellar cortex parenchyma in the absence of any residual germinal layers (Ponti et al., , 2010 . This neurogenic process occurs spontaneously in the intact rabbit CNS and in parallel with the proliferation of microtubule-associated protein 1B (Map5+) glia-like cells showing the same morphology and distribution of Ng2+ cells in rodents. The newly generated Pax2+ interneurons were followed by BrdU injection and long-term survival (2 months); they also express PSA-NCAM and DCX during the first 3 weeks after birth, thus revealing their morphology of bipolar, migratory cells, which is followed by a typical neuronal morphology, being GABA positive, and negative for Sox2 and Olig2 . Hence, rabbit cerebellar neurogenesis can be placed at level 4. We know the cellular source, but it is not clear if cell divisions occur either within the white matter or the cerebellar cortical grey matter (the first BrdU+ ⁄ PSA-NCAM+ cells are detectable 5 days after injection; Ponti et al., 2008) , although the occurrence of bipolar double-stained cells suggests they could come from the white matter. Both the newborn cell populations were identified with pre-embedding electron microscopy (BrdU, 2 months after injection); however, apart from scattered synaptic figures their fate within the cerebellar tissue remains obscure. Under the comparative profile, the rabbit cerebellar neurogenesis appears as a unique example of adult constitutive neurogenesis in mammals whose functional meaning remains obscure. Its decreasing rate should incorporate it into the protracted neurogenic processes, although the widespread addition of neuronal precursors in the adult occurs beyond the end of cerebellar morphogenesis.
Other parenchymal regions
Different levels of neurogenesis were reported in other 'non-neurogenic regions' of the adult mammalian brain (Table 1) . For instance, under physiological conditions newborn neuroblasts were detected in the amygdala of both monkeys (Bernier et al., 2002) and rabbits (Luzzati et al., 2003) . Similarly, hints of neurogenesis were described within the piriform cortex of rodents (Pekcec et al., 2006; Shapiro et al., 2007) and monkeys (Bernier et al., 2002) , in the olfactory tubercle of mice (Shapiro et al., 2007) and monkeys (Bédard et al., 2002b) , in the dorsal vagal complex of the rat brainstem (Bauer et al., 2005) , in the Hammon's horn of hippocampus (Rietze et al., 2000) and in the substantia nigra of mice (Zhao et al., 2003; Zhao & Janson Lang, 2009) . In the latter studies, dopaminergic neurons of the substantia nigra pars compacta were thought to continuously generate during adulthood. Due to the direct involvement of these cells in Parkinson's disease, this result raised new perspectives for investigating such a severe neurodegenerative pathology. Progenitor cells with neurogenic potential in vitro had previously been detected in the adult substantia nigra of rats (Lie et al., 2002) , however, it is to be noted that no such studies were confirmed ⁄ performed in other mammalian species, and no evidence for new dopaminergic neurons were obtained in investigations performed in other laboratories (Frielingsdorf et al., 2004) . In some studies the occurrence of newborn neurons in non-neurogenic regions was correlated with the periventricular germinative region lining the lateral ventricles (i.e. migration of neuroblasts from the SVZ). By contrast, SVZindependent neurogenesis was hypothesized in the brainstem of rats (from the 4th ventricle floor; Bauer et al., 2005) , in the Hammon's horn of the hippocampus (local parenchyma; Rietze et al., 2000) and in the substantia nigra of mice (from midbrain periaqueductal region; Zhao et al., 2003; Zhao & Janson Lang, 2009) . In rats, after ischaemic brain injury and growth factor infusion, Nakatomi et al. (2002) showed massive regeneration of hippocampal pyramidal neurons. Functionally integrated newborn neurons were described with different techniques, including electrophysiology, and a certain behavioural recovery was reported (levels 1-5, Table 1 ). This striking result, similar to that obtained by the group of Macklis in the mouse neocortex, would suggest that endogenous progenitors could regenerate lost neurons under specific stimuli, yet also in this case the study remains a nonreproducible 'broken promise'. On the whole, in most of the above-mentioned studies no clear information was provided as to the source and location of progenitors giving rise to neurogenesis.
Gliogenesis (and neurons from glia?)
Although the main focus of this review is on the genesis of neurons, many recent developments concerning parenchymal neural progenitors deal with glia or glia-like cells (reviewed in Nishiyama et al., 2009; Boda & Buffo, 2010; Trotter et al., 2010; Robel et al., 2011) . In addition, we are focusing on parenchymal neurogenesis in the so-called non-neurogenic regions, which turns out to be mostly gliogenic. In the past, neurogenesis and gliogenesis had always been kept separate, the latter being considered less important than the former. Yet, in recent years, adult gliogenesis has been re-evaluated as many populations of progenitor cells with glial-like features and proliferative capacities have been shown to exist in the mature CNS. A number of in vivo studies clearly showed that different types of these progenitor cells are widely present in white and grey matter of the mature CNS (reviewed in Nishiyama et al., 2009 ). Some of these progenitors ensure a slow process of gliogenesis leading to renewal of oligodendrocytes and, to a lesser extent, astrocytes (Horner et al., 2000; Nishiyama et al., 2009; Boda & Buffo, 2010) , which could be considered as constitutive gliogenesis. In mice, most of these cells express Ng2 and are morphologically, antigenically, functionally distinct from mature astrocytes, oligodendrocytes and microglia (Horner et al., 2002; Butt et al., 2005; Nishiyama et al., 2009 ). They are also called 'polydendrocytes' or 'synantocytes', coexpress platelet-derived growth factor α (PDGFRα), Olig2, Sox10, and are considered the main source of adult constitutive gliogenesis (Horner et al., 2002; Trotter et al., 2010) . Beside this activity, it has been reported that some neurons generated in different cortical areas of young ⁄ adult rodents can originate from Ng2+ cells (Dayer et al., 2005; Tamura et al., 2007; Guo et al., 2010) . Some Ng2+ ⁄ PDGFRα+ progenitor cells in the piriform cortex also express low levels of DCX, Sox2 and Pax6. By using genetic fate-mapping with an inducible Cre-LoxP recombination they were shown to differentiate into pyramidal neurons (Rivers et al., 2008; Guo et al., 2010) . The hypothesis that some glial cells, including astrocytes, can somehow retain multipotential properties (radial glia-like features) in the adult derives from the observation that in other vertebrates, such as fish, amphibians and reptiles, a class of glial cells known as radial ependymoglia persists in several CNS regions sustaining regeneration (reviewed in Grandel et al., 2006; Bonfanti, 2011) . In mammals, most of the radial glia-derived parenchymal astrocytes lose these properties early after birth (Laywell et al., 2000) , and only a subset of SVZ ⁄ SGZ astrocytes behave as stem cells (Kriegstein & Alvarez-Buylla, 2009 ). Nevertheless, some parenchymal progenitors show multipotentiality when isolated in vitro, although they do not perform 'actual' neurogenesis in vivo (Palmer et al., 1995 (Palmer et al., , 1999 Nishiyama et al., 2009; Boda & Buffo, 2010) . Due to the fact that reactive glial cells can re-express many markers of immature glia, the hypothesis was made that they could be reprogrammed to generate neurons (Robel et al., 2011) . This goal has currently been achieved in vitro, whereas many controversies remain open as far as in vivo studies are concerned. Several authors that generated different transgenic mice to target the Ng2+ cells failed to show any differentiative fate other than oligodendrocytes, both in the normal and damaged brain (Dimou et al., 2008; Zhu et al., 2008; Kang et al., 2010; Tripathi et al., 2010 ). Yet again, similarly to what was previously discussed concerning neurogenesis, these discrepancies could be attributable to technical reasons (differences in the specificity of Cre-targeting to Ng2 cells and the efficacy of Cre induction may contribute to the different results obtained), and to heterogeneity in the distribution ⁄ type of progenitors in different CNS regions and animal species. Gliogenesis in particular, and its hypothetical derived capability to generate neurons, could be heterogeneous due to differences in progenitor cell populations ⁄ subpopulations (mostly not yet identified; see Fig. 5 ) dispersed at diverse CNS locations (Trotter et al., 2010 ). An example can be given by 80% of Ng2+ cells, which seem to mature into oligodendrocytes in adult mouse white matter, whereas only 20% in grey matter (Dimou et al., 2008) . Alternatively, heterogeneity could be explained by the occurrence of cells displaying ill-defined antigenic features due to different differentiative stages. Indeed, one of the problems encountered in this type f study relies on the Fig. 7 . Summary of the different aspects implicated in shaping adult neurogenesis in mammals, and some of their interplay. Differences among mammalian species are more pronounced in parenchymal neurogenesis (top, right). EGL, external germinal layer; Ng2, nerve ⁄ glial antigen 2 proteoglycan; SGZ, subgranular zone; SVZ, subventricular zone.
on the fact that some of the markers used to visualize neural parenchymal progenitors can overlap in cell populations belonging to different lineages or can be expressed by cells during transient differentiative states. The progenitors described by Guo et al. (2010) , similarly to some cells in the adult rat neocortex (Tamura et al., 2007) , do express concurrently Ng2 and low levels of DCX, namely two markers that are usually associated with subsets of glial and neuronal cells, respectively. Furthermore, the Map5 antigen, which reveals the multipolar Olig2+ cells of the rabbit parenchyma see above) and is highly expressed in glial cells such as oligodendrocytes and Schwann cells (Fischer et al., 1990; Ma et al., 1999; Wu et al., 2001) , is also detectable in many neuronal cell populations of the developing and mature peripheral nervous system and CNS (Schoenfeld et al., 1989; Nothias et al., 1996) . In the context of gliogenesis, the picture is complicated by the existence of the activation of molecular pathways, with no cell proliferation. The swelling and increased synthesis of cytoskeletal components observed in astrogliosis is a striking example. Similarly, several classes of neurons retain expression of immature cell-related molecules (PSA-NCAM, DCX) not being newly generated. Such antigenic ambiguity ⁄ heterogeneity could be a simple variability in the cell molecular composition, yet it might also be related to a real multipotentiality manifested by some parenchymal progenitors in vivo. Under an inter-mammalian comparative profile, another possible explanation for antigenic heterogeneity can reside in species-specific differences. Little is known about species-specific related differences involving these glia-like cells in mammals, nevertheless Ng2+ cells are not detectable in rabbits (which may simply be due to a different epitope recognized by antibodies; Ponti et al., 2008) and Map5+ multipolar cells are not present in the brain or cerebellum of rodents, although they are detectable in cats (Paola Crociara & Luca Bonfanti, unpublished data).
Concluding remarks and future perspectives
Results obtained during the last two decades revealed many examples of adult neurogenesis in different mammalian brain regions and species. The analysis of protracted and adult neurogenesis in the intact and lesioned CNS parenchyma of mammals remains far from being complete, particularly in the large-sized, hardly accessible human brain. Results are fragmentary as they come from scattered, yet time-consuming experimental analyses, due to the obvious limitations encountered -large brain size, scant availability of specimens, extended individual lifespan, ethical concerns, etc. Other limits simply consist of the fact that comparative analyses do not embrace all mammals, or that in some species ⁄ brain regions, the available data are restricted either to physiological states or to lesion paradigms. Notwithstanding these difficulties, substantial information is now available to draw some conclusions that could be 'transversal' in mammals. First of all, three groups of neurogenic regions can be roughly distinguished -(i) those substantially constant in different species and displaying constitutive, complete neurogenesis in germinal layer-derived neurogenic sites (SVZ, SGZ); (ii) those relatively constant in different species yet manifesting widely different degrees of neurogenesis depending on the species (e.g. striatum and cortex); and (iii) those showing either the absence or presence of neurogenesis depending on the species (e.g. the cerebellum in rodents and rabbits). Any generalization is hampered by the different aspects that neurogenic processes can show in different CNS regions ⁄ species (summarized in Fig. 7) . Two main types of neurogenesis occur in the mammalian CNS -a 'complete' neurogenesis, substantially limited to SVZ and SGZ neurogenic sites; and a rather 'incomplete' neurogenesis, generally occurring in the parenchyma (non-neurogenic regions). From a comparative analysis of neurogenesis in different mammalian species and CNS regions, complete neurogenesis, i.e. fulfilling all the five subsequent steps or levels defined in Fig. 4 and Table 2 , is shown to be hardly detectable in parenchymal regions. This fact can be surely linked to its low rate and widespread, disseminated distribution, but also suggests the possibility that its biological role and significance might be different from the one in typical hippocampal ⁄ olfactory bulb neurogenesis. In other words, the possibility that some of these neurogenic processes cannot be aimed at neuronal replacement ⁄ addition as do their counterpart in neurogenic sites should also be taken into account. The incomplete, parenchymal neurogenesis can often be latent ⁄ quiescent in the intact nervous tissue, yet remarkably inducible ⁄ increased in experimental ⁄ pathological situations. In this context, there is indirect evidence that such potential ⁄ reactive neurogenesis preferentially manifests in the parenchymal regions that maintain some constitutive, spontaneous neurogenic processes. Whether the differences underlining the heterogeneity of adult neurogenic processes are attributable either to the occurrence ⁄ type of progenitors or to tissue-specific environmental cues remains to be determined. Surely, most examples of spontaneous parenchymal neurogenesis indicate that a latent and ⁄ or 'low-level' neurogenic program does exist, although with the differences described herein. Nevertheless, it cannot be expressed in a successful way in mammals, as it is quite clear that mobilization of neural progenitors is insufficient and inefficient to grant CNS regeneration ⁄ healing in mammals, as it is quite clear that mobilization of neural progenitors is insufficient and inefficient to grant CNS regeneration ⁄ healing of 'caution' in assessing the occurrence of neurogenesis in mammals (both technically and biologically) should not be necessarily intended in a critical ⁄ restrictive perspective. In those cases in which a clear discrepancy actually exists between the technical approach used, the data obtained and the conclusive speculations, a rigorous critical attitude should be adopted. On the other hand, by viewing the results from a biological rather than technical perspective, the incapability of achieving a full demonstration of complete neurogenesis could also hide alternative explanations. In other words, we should look at neurogenic processes in different CNS regions ⁄ animal species as a gradient of different degrees and types of plasticity that could have been adapted to different tissue environments and functional demands. This means that adult neurogenesis is one among other forms of CNS structural plasticity (e.g. synaptic remodelling, existence of immature, non-newly generated neurons, etc.), and we lack information concerning how its incomplete expressions in the parenchyma could play a role in the global picture. In conclusion, to reach more insight into adult mammalian neurogenesis and its possible translational perspective, many questions remain open, such ashow extended is constitutive and ⁄ or potential neurogenesis in mammals? Does a constitutive parenchymal neurogenesis occur in some mammals? Does a constitutive gliogenesis occur in the CNS parenchyma? Then, when dealing with reactive neurogenesis, a crucial question might be -is the reactive ⁄ induced neurogenic process an enhancement of constitutive neurogenesis existing at low, normally undetectable levels (quiescent and potential) or rather is it a de novo activation of specific progenitors responding selectively to different noxious stimuli? We think that future directions in this field of research should address three main critical questions related to -whether 'atypical' stem cell niches are required to grant the initiation of parenchymal neurogenesis; whether parenchymal neurogenic processes are actually abortive as a consequence of the unfavourable CNS tissue environment; and how incomplete neurogenesis is a part or a complement of other forms of CNS structural plasticity.
